Leuconostoc gasicomitatum is a psychrotrophic lactic acid bacterium (LAB), which causes 24 spoilage in cold-stored modified-atmosphere-packaged (MAP) meat products. In addition to 25 the fermentative metabolism, L. gasicomitatum is able to respire when exogenous heme and 26 oxygen are available. In this study we investigated the respiration effects on growth rate, 27 biomass, gene expression and volatile organic compounds (VOC) production in laboratory 28 media and pork loin. The meat samples were evaluated every second or third day by a 29 sensory panel during 29 days. We observed that functional respiration increased the growth 30 
were prepared from MRS broth cultures in the middle exponential growth phase (16-18 h at 158 25°C), and subsequently diluted in 0.1% peptone saline to reach the final cell density of 159 approximately 10 5 CFU ml -1 . The cultures were spread evenly on to the surface of the pork 160 pieces (0.5ml on both sides). Three independent replicates and uninoculated samples were 161 done. 162
All pork cuts were packaged individually (Multivac A 300/168, Sepp. 163
Haggenmuller KG, Wolfertschwenden, Germany) under modified atmosphere containing 164 20% CO 2 and 80% O 2 or N 2 using a high barrier film of 90 μm thickness with oxygen 165 transmission rate of 1cm 3 m -2 24 h -1 atm -1 at 23°C and 75% relative humidity (Finnvacum, 166 Östersundom, Finland). Packages were stored at +6°C in the dark. Two packages were 167 analyzed every second or third day during the 29 days storage time. 168 Gas compositions in the packages were measured using a gas sensor 169 analyses, the pork samples were equilibrated to room temperature. Fresh pork from the same 182 meat batch used for the inoculated samples was stored in the freezer and used as a reference. 183
The panelists evaluated the odor and the appearance of the samples using a five-point scale 184
(1=severe defect, spoiled, 2=clear defect, spoiled, 3=mild defect, satisfactory, 4=good, 185 5=excellent) the observed deficiencies were described. The sample was considered spoiled 186 when the median of the odor grades given was 2 or less. analyses. The meat was cut to small (appr. 0.2 g) pieces. Samples were collected into 10 ml 197 head space vials, internal standard; 67 ng g -1 3,3-dimethyl-2-butanol (Sigma-Aldrich Co) 198 added, the vials were sealed and stored at -20°C before analysis. Two or three biological 199 replicates were analyzed. VOC were adsorbed from sample vials on a 75 µm 200 carboxen/polydimethylsiloxane (CAR-PDMS) fiber. Prior to collection, the fibre was 201 preconditioned at 300 °C for 30 min in the GC injection port. The sample vials were first 202 equilibrated at 60 °C in the water bath for 30 min and after that the fiber was exposed to the 203 headspace above the sample at 60°C for 30 min. Samples were analysed using an Agilent 204 6890N gas chromatograph (GC) and an Agilent 5975B mass selective (MS) detector. The 205 capillary column was a DB-5ms (J&W, 30 m x 0.25 mm i.d., 0.25 µm film thickness). After 206 extraction the Solid-phase microextraction (SPME) device was removed from the sample 207 bottle. Manual injection was performed at 270°C and the compounds desorbed from the fibre 208 for 5 min. To improve the peak shape of early eluted compounds, the cold trapping technique 209 was used. During the desorption, the coil of the column taken from the injector was immersed 210 in the Dewar vessel filled with liquid nitrogen. The split valve was opened after 5 min and the 211 compounds were desorbed from the cold trap by removing the coil of the column from the 212 Dewar vessel and putting it back into the oven. The fibre was kept in the injection port during 213 the whole GC run. The column temperature was programmed from 40°C (isothermal time 4 214 min) to 160°C at 5 °C/min and to 280°C at 10 °C/min and kept the final temperature for 5 215 min. The injector temperature was 290 °C and the carrier gas was helium with a flow of 35 216 cm/sec at 40 °C. The transfer line between the GC and MSD temperature was kept at 290 °C. 217
The ionisation mode was electron impact (electron energy 70 eV). The mass range used was 218 from 29 to 250 amu with a scan rate of 3.16 scans per second. After each run, the fibre was 219 Table 2 ). The addition of heme had no effect on anaerobically growing cells. 231
The results show that the combination of oxygen and heme enhanced growth of all the L. 232 gasicomitatum strains tested (P<0.001) and not only the growth of the type strain. Also the 233 cydB mutated strain (LMG 18811T::pSIP1333A) response to heme was studied. Under 234 aerobic conditions heme had no effect on the cydB mutated strain showing that the heme-235 based respiration was knocked-out successfully. Under anaerobic conditions, the cydB mutant 236 and wild type (LMG 18811 T ) showed similar growth ( meat was likely to have been too low to affect the results since spoilage is usually detected 261 when the counts are > 10 7 cfu g -1 . The random isolates collected from the inoculated pork at 262 the time of spoilage were identified as the inoculated strains ribotype which thus dominated 263 in the packages (Fig. S1) . 264 Sensory analysis. According to the sensory panel, the odor of pork inoculated 265 with the wild type and stored under high-oxygen MAP was considered spoiled after 13 days 266 in all three replicate. Pork inoculated with the cydB mutant was evaluated to be spoiled after 267 13, 15 or 17 days, depending on the experiment. The spoiled odor was described as buttery The addition of heme to the culture medium (MRS) with wild type increased 6 279 to 18 fold the concentrations of 2,3-butanedione (diacetyl) and 3-hydroxy-2-butanone 280 (acetoin) under aerobic conditions (Table 3) . Heme did not affect concentrations of these 281 compounds in broth cultures of cydB mutant showing that the accumulation of these 282 compounds was enhanced by respiration. Ethanol, the end product of fermentative 283 metabolism, concentration was 10 times higher when wild type was grown without heme. 284
The addition of heme did not affect ethanol production of the cydB mutants indicating that 285 growth was based only on fermentative metabolism despite the presence of heme. Other 286 compounds in Table 3 do not seem to be connected to respiration. 287 Table 4 shows the VOC detected from pork. The colony counts under high 288 oxygen atmosphere at the time of spoilage were 10 9 CFU g -1 (wild type) or 10 8 CFU g -1
289
(cydB mutant). In anaerobically stored pork, the colony counts were 10 8 CFU g -1 at the time 290 of spoilage. After 13 days of storage under high oxygen atmospheres, the levels of 2,3-291 butaedione (diacetyl), 3-hydroxy-2-butanone (acetoin) and 2,3-butanediol were 16 to 2600 292 times higher in the samples inoculated with the wild type than in the samples inoculated with 293 cydB mutant. Under anaerobic conditions, accumulation of these compounds was not 294
on June 24, 2017 by guest http://aem.asm.org/ Downloaded from detected after 24 days of storage. Also acetic acid production was 6 times higher in wild type 295 cultures under high oxygen atmospheres compared to anaerobic conditions or cydB mutant 296 inoculated meat. During aerobic storage, the levels of hexanal, heptanal, and pentanal 297 linearly increased about 6 fold times, indicating lipid oxidation. 1-hexanol and butanoic acid 298 levels increased under both storage conditions. Concentration variations in other compounds 299 of the Table 4 did not indicate any clear patterns. The results show that both storage 300 atmosphere and the respiration capacity of the L. gasicomitatum strain inoculated influenced 301 the volatile profiles of pork meat. 302
Transcriptome analysis attributable to respiration. Respiration showed 303 differential expression for 22 genes with known function (Table 5 ) and for 17 genes without 304 known function (Table S1 ). The major changes introduced by respiration in transcriptomes 305
were the decrease in the expression levels of the genes with phage-related functions. No 306 differences in expression levels for diacetyl/acetoin pathway genes were noticed (Table 5) . 307
Compared to the respiring wild type, the gene expression levels in the non-respiring wild type 308 (cultivated without heme) and in the cydB mutant (cultivated with or without heme) show 309 quite similar genes expression patterns (Table 5 ). This showed that respiration affected gene 310 expression in a quite similar way irrespective of whether the non-respirative state was 311 achieved using mutation or deprivation of heme from the culture medium. No significant 312 (p<0.01) gene expression differences were noticed when the non-respiring wild type was 313 compared to the cydB mutant or when the mutant cultivated with heme was compared to the 314 mutant cultivated without heme (Table 6 ). These results showed that the mutation in the cydB 315 gene did not significantly affect the expression levels of other genes. Bryan-Jones DG, Whittenbury R. 
